Delamination is currently a difficult detectable form of damage in composite laminate materials. This paper presents a method to more easily detect delamination damage within composite materials using finite element analysis modeling, through the covariance of energy change. Lamb waves were introduced and recorded through an actuator and sensors made of piezoelectric material. The data were then analyzed through the fast Fourier transform (FFT). Using the data from the FFT, the idea of covariance of energy change was suggested to correlate with defect characteristics. By comparing the covariance of energy change in beams with different delamination sizes, thicknesses, and depths, correlations between the covariance of energy loss and defect characteristics were able to be developed. With these correlations, the severity of these damages was able to be quantified.
Background
Composite materials are becoming more widely used in a variety of structural areas. Whether it is in bridge rehabilitation, aerospace engineering, or other areas, a move toward lighter and stronger materials is being made [1, 2] . While these composite materials have extraordinary benefits with their physical properties, they tend to generate various damages during their usage, including many barely visible damages, due to their composite components and layered structure [3, 4] . One of these most critical damage modes in these composites is delamination [5, 6] . As failure of these structures can be extremely costly and possibly causes great danger to thousands of travelers, there comes an urgent demand for accurate methods of delamination detection.
Delamination is a typical defect of the method in which the laminates are produced, namely a layer-bylayer process [6] . Delamination may occur between any two neighboring layers of the laminate, making detection from purely exterior visual inspection all but impossible [1] . Once delamination has occurred, the physical strength properties of the composite material may be greatly reduced or even completely compromised [6] . While there have been numerous studies to locate damage in both metallic and composite materials, there is still difficulty with accurately detecting delamination damage due to its special planar shape.
In addition to real-time detection of the damage, the weight of the monitoring system is also of great importance. As the light weight of the material is one of the desirable qualities, it is important that the sensors being used will not affect the overall weight significantly. From previous studies, it has been shown that piezoelectric sensors (PZTs) are an appropriate choice for health monitoring while not being overcumbersome [7] [8] [9] [10] [11] [12] .
PZTs are able to be applied directly to the laminates while not hindering the overall performance of the composite. By using the PZT as a series of actuators and sensors, it is possible to detect the damage location as well as severity throughout the composite materials. The actuators are used to create waves that are then altered by changing conditions, such as boundaries or damage. Using the feedback from the sensors, one is able to effectively evaluate the damage.
While there are currently methods for structural health monitoring available for composite laminates, there is room for improvement of the methods. As mentioned before, delamination remains an area in which current structural health monitoring (SHM) systems struggle. Furthermore, data reduction based on only time of flights has been proven to be limited in determining multiple damages and damage severity [13] . This paper will advance this technology and quantify the damage severity though a new index called covariance of energy change.
The whole paper is divided into four sections. Section 1 will provide an introduction and literature review of techniques to be used in the research, including Lamb wave generation and PZT sensors and actuators. Section 2 will explore using the commercial software ANSYS to perform wave propagation and composite material modeling. Validation of the modeling techniques will be provided through comparison with previous numerical works. The modeling process will then be expanded to new areas including multiple delamination/damage detection, and new data reduction methods will be invented to correlate damages with signal processing indexes, which will comprise Sections 3 and 4. Finally, Section 5 provides a summary of the paper, including conclusions and recommendations for further study.
Numerical modeling of Lamb wave propagation

Introduction
Delamination in composite materials is pervasive and difficult to detect, as discussed in Ref. [13] . However, Lamb wave, which typically travels long distances without distortion, is particularly suitable for delamination in thin plates and shells [14, 15] . Any delamination size less than the wavelength of the Lamb wave could be theoretically detected [16] [17] [18] . In this paper, a new delamination detection methodology through the covariance energy change of ultrasonic waves will be sought. By using the innovative data reduction method, it was proven that a strong correlation between delamination size and wave response is seen, which can be used to detect delamination locations and delamination sizes. All beams were modeled with free-free boundary conditions with the properties as shown in Table 1 .
In Table 1 , L = beam length, t = beam thickness, w = beam width, E = modulus of elasticity, ρ = material density, G = shear modulus, and ν = Poisson's ratio; x, y, z are the default coordinate axis directions.
Lamb waves were produced and recorded using an actuator and a singular sensor, as shown in Figure 1 . First, an undamaged beam was analyzed. Next, beams of varying delamination sizes were analyzed and compared with the healthy beam results to develop a correlation. 
Wave propagation in
Element size
The size of the elements was selected by means of a convergence study. Based on the maximum amplitude in the sensor readings from the undamaged beam, a convergence study was performed to determine a suitable element size ( Figure 2 ). From Table 2 and Figure 2 , it is obvious that the finite element method (FEM) results converge at an element size of 1.5 mm. It was proven that 1.5-mm elements will provide accurate results for the modeling of the undamaged beam. This was taken as the maximum side length for elements to be used. In the case of damaged models, mesh refinement near the damaged area created smaller element sizes. By using only 1.5-mm elements and smaller, it is assured that the results are sound. However, decreasing element size increases the time of computer simulation. To minimize simulation time, elements will be sized as close to 1.5 mm as possible.
Damage size
The thickness of the damage was taken from typical resin layer thickness. As expected, resin layer thickness When the CONTA175 element comes in contact with the target surface, forces are generated to simulate contact. To prevent penetration, the allowable penetration tolerance (FTOLN) is set to zero in ANSYS and the default stiffness values are used. The default values are dependent on material properties, element size, and degrees of freedom in the model. Stiffness values are updated automatically throughout the simulation using KEYOPT(10) = 2, where KEYOPT(10) governs how the normal and tangential contact stiffness is updated when the augmented Lagrangian or penalty method is used. The stiffness changes are based on the mean stress of the underlying elements and the previously defined allowable penetration.
Loading was applied to the beam at the actuator location in the form of a 100-kHz Hanning window flexural wave. The load was applied via four nodes, two at the top and two at the bottom of the beam. The five-count Hanning wave was applied using the function
where A = 1000 N, f = 100 kHz, t = time, and F(t) = loading force history.
The loads on the top two nodes were applied as compression, while the bottom two nodes were loaded in tension initially, and in alternate directions after each cycle ( Figure 4 ). This accurately simulates actuators applied to the top and bottom of the beam. depends on the manufacturer and material type. A range of 0.10-0.50 mm can be considered typical [19] . It was chosen to use 0.25-mm thickness for most models in the parametric study.
Lamb wave response in undamaged composite beams
The modeling process very closely follows Ref. [20] . The element types used in the composite modeling are PLANE182, CONTA175, and TARGE169. The PLANE182 element is used for the orthotropic material. The CONTA175 and TARGE169 elements are used to define the delamination surfaces. The beam was modeled using a two-dimensional (2D) side view prospective, with length in the x-axis and thickness in the y-axis. This orientation was used to ensure a "through the thickness" analysis. By orienting the thickness in the y-axis, damage was able to be placed inside the beam, simulating non-visible delamination damage.
The contact elements prevent overlap of material during vibration. Instead of overlapping, if the surfaces come in contact, they are subjected to normal and tangential loads similar to those that would be observed in real applications. The CONTA175 element is applied to a point, in this case to all the points along one side of the delamination. The TARGE169 element is used to create a 2D surface on the other side of the delamination (Figure 3 ). After the load is applied, results were obtained at the sensor. The data collected were the difference of displacement in the x direction between two nodes. The nodes used are at the top of the beam to simulate the surface the sensor will be applied to in experiments.
The results from the undamaged beam ( Figure 5 ) will provide the benchmark against which damaged results can be compared.
Lamb wave response in the damaged composite beam
To simulate delamination damage in the composite beams, small sections of the beam were removed ( Figure 6 ). The section removed represents the damaged interface bond in the composite material. The thickness of the section removed was based on the typical thickness of the resin layer of composite laminates. 
Sensor responses of ultrasonic waves in the damaged composite beam
Results from the damaged beam simulated are summarized and shown in Figure 7 . It is difficult to see the difference in the responses at varying levels of damage from these graphs alone. Even when the graphs are superimposed, it is very difficult to determine the change between them.
These sections were selected because of the apparent differences in response based on damage size. The wave types in these sections may not be able to be identified individually; however, by keeping the analysis region the same throughout, changes to the total wave package can be recorded. FFT data for each delamination size was obtained through MATLAB. One such FFT plot is shown below.
The major wave frequencies were defined as peaks above 10% of the maximum amplitude, shown by the red line in Figure 10 . This cutoff mark ensured separation of the noise from the key frequencies. In addition, the energy of a wave is related to the amplitude squared. At 10% amplitude, the energy level would only be 1% of the largest peak, making it insignificant. For all sections, the frequencies and corresponding amplitudes were recorded as shown in Tables 3 and 4 . In the sections where frequencies present in the undamaged beam were not found, a "0" was used as a placeholder.
These data allow for the interpretation of wave behavior with increasing damage. For example, it is easy to see that in Section 2, as damage increases, frequencies are either completely removed from the wave or lessened. The loss of a wave frequency may be due to the wave transformation caused by damage or dissipation to the point of insignificance.
Using these data, information about the energy of the wave can be obtained. The general equation for power transmitted by a wave [15] is given as
where μ = material density, ω = angular frequency, A = amplitude, and ν = wave speed. Density remains constant for all beams. As the calculation time period is held constant for all tests, the wave velocity can also be assumed constant for all cases. This leaves energy as a function dependent on the squares of frequency and amplitude.
From here, the data obtained from FFT graphs can be used to compare the squares of the differences in both frequency and amplitude. Using the expressions Some relations may be able to be formed from these graphs; however, they are not conclusive in showing a definite trend (Figures 11 and 12) . Instead, when both variables change simultaneously may be more indicative. Using the data, a covariance of the energy can be
Correlation between covariance of energy change and delamination characteristics
To make the results from the previous section easier to analyze, fast Fourier transform (FFT) is applied. The goal of data reduction is to develop a method for relating damage to parameters obtained from FFT.
Wave package selection
A question that arises is which portion of the response should be used to calculate the potential index and relate them to damage. To answer this question, several packages were analyzed. First, two sections showing distinct differences in the time domain graphs were analyzed. In some cases, such differences may not be as apparent and another method must be used. To account for this, a relationship between time of flight and the wave section was developed. The propagation of the incident wave will follow several paths to reach the sensors. The diagram in Figure 8 shows the three earliest possible wave paths to the sensor. We are most interested in these three paths, as any further interaction with the boundary will dissipate the waves more and make the analysis more complicated. Using the distance of the wave paths and approximate speed based on the time between responses 1 and 2, an approximate window was developed to capture all wave paths shown in Figure 9 . A convergence study on this window was performed and is included later in the paper.
By using both methods of window selection for data reduction, a better understanding of wave propagation in the delaminated composite beams will be developed. This section will incorporate results and discussion on all three sections chosen. For clarity, the sections picked based on time domain differences are labeled Sections 1 and 2, while the section based on time of flight is labeled "full section." Discussion on the methods used and results for Sections 1 and 2 will first be given, followed by the results of the full section. calculated. Covariance is a measure of how two variables change together, in our case frequency and amplitude. When both amplitude and frequency of a wave is changed, there is a large indication of damage. By finding the covariance, an index relating the damage to the covariance of energy change can be formed. The following equation was used to find the covariance of energy change:
Using this expression, the following results were obtained. Figures 13-15 show a trend of increasing change of energy with increasing delamination size. It is important to note here that the values are not exactly the change in energy but rather a proportional value that indicates change of energy.
From here, an index was created relating covariance of energy change to damage size. As a baseline, the energy present in the undamaged beam was calculated from the expression 
∑
Using this value, the normalized ratio of total energy change to that of the undamaged beam can be calculated.
From Table 5 , the damage sizes can be divided into two groups for Sections 1 and 2: small damage, roughly 1-3% total length, and large damage, 5-7% total length. The corresponding ranges of covariance of energy changes are 15-35% and 40-65%.
By using the full section, it is seen that the total energy change is also increasing with damage size, but at a much smaller scale than in either of the individual wave packages, because more completed wave signals are included.
4 Parametric study of the effect of delamination thickness, delamination depth, and delamination sizes
Varying delamination thickness
As mentioned in Ref. [17] , 0.1-0.5 mm is a typical range of resin layer thickness. Simulations of delamination with 0.1, 0.25, and 0.5 mm thicknesses were performed, with a length of 60 mm. The effect of the thickness of the delamination on the Lamb wave responses in the time domain is shown in Figures 16 and 17 . Using the same method shown in Section 3, the effect of delamination thickness can be further examined. The same two wave packages were analyzed, and the change of covariance of the energy was found for each model. The effect of varying delamination thickness is now much more apparent. Figures 18-20 show what is to be expected, regardless if the wave package is reflected by the damaged or transformed. A larger damage would dissipate more energy and cause a larger covariance of energy change. 
Varying delamination location
Detecting the location of the damage is also an important aspect of structural health monitoring of composites. Models with delamination damage at varying locations and depths of the beams were tested. First, let us look at varying x-coordinates of the delamination with the depth held constant. Beams with damage centered at x = 500, 600, and 700 mm were modeled. As the horizontal location is based on time of flight, only the time domain was used. For consistency, the same two wave packages used throughout this paper were observed (Figures 21 and 22) .
From the time of flight of arrival of package 1, it can be assumed this wave is reflected from the damage. The wave occurs after the incident wave and the wave from the left boundary, but too soon to be a reflection from the right boundary. By simply comparing the time of arrival of the peak in the first wave package, the locations of these damages can be derived (Figure 23 ) and shown in Table 6 .
Next, the depth of the delamination damage was examined. The variation of depth will simulate delamination between different layers of the composite laminates. Beams with damage at depths y = 3, 4.5, 6, 7.5, and 9 mm were modeled. For this section, the horizontal damage location and delamination thickness were held constant, at 600 and 0.25 mm, respectively. The depths correspond to the interfaces of 1.5-mm-thick layers within the composite. Looking at the time domain responses at the two previously used sections, the variation is seen.
The variation in response shows more movement in damage closer to the edge of the beam (Figures 24 and 25 ).
This makes sense as the closer to the center of the beam the damage is, the more it is constrained by the material surrounding it. In addition, the moment of inertia is more affected by removing a section away from the centroid, which further explains the larger displacements from such damage. Also, the response looks to be near symmetrical about the center of the beam. To further understand the behavior, FFT data reduction method is again used. The change of covariance of energy shows the relationships more clearly.
Figures 26-28 show a higher change of covariance of energy with damage near the center of the beam. This, too, can be explained by the amount of material confining the damage. When the damage is near the center, the energy dissipation of the wave is more when passing through the delamination. As the behavior is symmetric as expected, a parabolic relation between the distance from the center (y d ), thickness (t), and covariance of energy change can be developed (Figure 29 ).
Full section convergence study
The results above for the full section were found using a window size of 0.0017 s. As the time window was based on an approximate wave speed, a convergence study was done to ensure that the entirety of the third wave path was incorporated.
The convergence study shows that the window selected was of appropriate size (Figure 30 ).
Multiple delamination detection
To explore the possibility of locating multiple sources of delamination, beams with multiple areas of delamination were modeled. The damages were 60 mm by 0.25 mm and placed at the x = 400 mm, x = 600 mm, and x = 800 mm locations. Figure 31 shows the wave response of this beam compared with the undamaged beam as well as a damaged beam with a singular delamination.
The wave response in the boxed area shows differences in the beams, which can be assumed to be caused by the delamination areas. The change in covariance of energy is calculated and found to increase with multiple damages. The differences are dramatic due to a complete loss of a key frequency that was present in all singular damage beams. Table 7 shows the results in terms of covariance of energy change. Further study needs to be done for the separation of locations of multiple delamination damages.
Conclusions
This paper introduced an innovative data reduction method for easier detection of delamination damage in composite laminates. Using the existing technique of introducing Lamb waves as a means of structural health monitoring, data were collected and interpreted by means of FFT. By applying FFT to response waves, the key frequencies and corresponding amplitudes were able to be identified. Based on the derived frequency spectrum, the concept of covariance of energy was developed and used to quantify the change of Lamb wave responses due to delamination damages. The suggested method was tested both over small wave packages and a full wave package. As both delamination length and thickness increased, it was seen that so did covariance of energy change. Regarding the depth of the damage, the results showed that as the damage approached mid-thickness, the covariance of energy change increased. These results were consistent through both small packages analyzed as well as the full package. The principles developed in this paper will be helpful in extending the application of Lamb wave-based structural health monitoring techniques. One area for future work related to this research includes further investigation of multiple delamination detection and its application to complex structures. From the groundwork provided in this paper, progress can continue toward using the method for real-world applications.
